Introduction 4 7
Neurotransmission is initiated by the release of neurotransmitters from the pre-synaptic 4 8 neuron into the synapse. The SLC6 family of secondary active transporters such as dopamine 1 0 0 to extract active hDAT from cells using detergent. Finally, we generated ~200 variants of hDAT 1 0 1 by site-directed mutagenesis, and by employing a scintillation proximity assay (SPA)-based 1 0 2 thermostability screening we identified a thermostable variant of hDAT. Incorporating the 1 0 3 insights from the screening experiments we developed a robust protocol for the purification of The codon optimized gene encoding full length human dopamine transporter was 1 0 8 synthesized by Bio Basic, Inc., was cloned into the pEG BacMam expression vector and was 1 0 9 expressed as a fusion protein containing an N-terminal His 8 -GFP-tag (hDAT-FL). Single residue 1 1 0 mutations were made in hDAT-FL background using site-directed mutagenesis. Other constructs 1 1 1 that are described in the manuscript are: (i) thermostable mutation made in hDAT-FL (hDAT- The thermostability screening was performed by expressing mutants in adherent 1 1 7 HEK293S cells as follows. Briefly, the cells were allowed to adhere onto a poly-D-lysine coated, protocol. The transfected cells were incubated at 37 o C with 5% CO 2 for 10-12 h, followed by an 1 2 3 incubation of 36 h at 30 o C. Before moving the cells to 30 o C, to enhance the expression of 1 2 4 mutants, each well was supplemented with 10 mM sodium butyrate. The media was aspirated 1 2 5 after 36 h at 30 o C, and the cells were resuspended in the assay buffer for thermostability 1 2 6 screening. To screen a library of potential thermostable mutants, HEK293S cells were 1 2 7 transfected and grown in a 10 cm petri dish and membranes were harvested from the cells for 1 2 8 thermostability assay. For large-scale purification, hDAT was expressed by transducing HEK293S cells 1 3 0 suspended in FreeStyle 293 expression media. Briefly, the cells (at a density of 3-3.5 x 10 6 cells/ 1 3 1 mL) were infected using P2 baculovirus at a multiplicity of infection of 1.5. The infected cells 1 3 2 were incubated at 37 o C with 8% CO 2 on an orbital shaker. After 10-12 h the culture was 1 3 3 supplemented with 10 mM sodium butyrate and was then transferred to a shaker at 30 o C. The resuspended cells were either frozen in liquid nitrogen and stored at -80 o C until further use or 1 3 7 were processed further for membrane isolation. The binding of radioligands to membranes expressing hDAT was confirmed by 1 4 0 performing filter binding assays. Binding reactions were initiated by mixing HEK293S incubated at room temperature for 30 min. The incubation was stopped by diluting the reaction 1 5 5 mixture to 1 mL using dilution buffer (same as binding assay buffer with or without 5 µM 1 5 6 MRS7292), and was filtered through glass microfiber filter. Sets of identical reactions were HEK293S cells immobilized on poly-D-lysine coated 96-well plates, and were incubated for 48 2 9 5 h. Post incubation, the cells were resuspended in a buffer containing MRS7292 and a radioactive 2 9 6 cocaine analog, [ 3 H]WIN35428. The plates were incubated for 30 min at room temperature 2 9 7 before adding a mixture of Cu-YSi SPA beads and 4X detergent stock solution. Specific binding 2 9 8 of [ 3 H]WIN35428 to various hDAT mutants was measured using a SPA counter. If the mutation 2 9 9 destabilized the transporter, the binding of [ 3 H]WIN35428 and thereby the SPA signal, would be beads was added to end the incubation and begin protein solubilization. The counts from binding 3 0 7 reaction were continuously monitored till they plateaued and the samples were subsequently 3 0 8 subjected to heat treatment to measure the melting temperature. The decrease in specific counts 3 0 9 with temperature was fit to Boltzmann sigmoidal equation to calculate T m of mutants.
The temperature dependence of specific binding was estimated by subjecting the plates to 3 1 1 incremental heat treatment. The mutants that displayed greater specific binding after heat 3 1 2 treatment were retained for further analysis. The thermostable mutants were then expressed in 3 1 3 HEK293S cells in 10 cm plates, and membranes containing hDAT variants were isolated. The isolated membranes were solubilized using detergent and radioligand binding was reexamined. A plot of apparent T m versus total counts at room temperature was generated to more precisely 3 1 6 evaluate the extent of thermostabilization. The I248Y substitution displayed both higher T m and 3 1 7 better expression than hDAT-FL (Fig 5a & 5b) . We also identified a set of mutants that had 3 1 8 marginally greater thermostability than hDAT-FL but displayed reduced expression. Finding 3 1 9 only one promising thermostable mutant from a library of ~200 mutants, despite the presence of of mutations (45 out of the total 200). The plot was generated by plotting total counts observed at 3 2 6 room temperature versus apparent T m of mutants, and (b) Boltzmann sigmoidal fit for melting 3 2 7 temperature curves of hDAT-FL and most thermostable mutant. hDAT-FL is indicated in red, The SPA-based radioligand binding experiments indicated that occupancy of the Fig 6a) . Hence, we decided to use MRS7292 to saturate the allosteric site, and to saturate the buffer followed by affinity purification using TALON metal affinity chromatography and size-3 4 1 exclusion chromatography. However, the purified material was heterogeneous and was prone to 3 4 2 non-specific proteolysis ( Fig S3a) . To circumvent this problem, we employed three strategies. First, we isolated cell membranes and resuspended them in a buffer containing MRS7292 and 3 4 4 GBR12909 prior to solubilization ( Fig S3b) . Second, we replaced the GFP-tag in the expression S3c). Third, FSEC showed that the NΔ56-I248Y construct was less prone to aggregation and 3 4 8 adventitious proteolysis ( Fig S3d and S4; Fig 7) , and thus we used this construct for large scale affinity column (shown in panel a) was concentrated to 1mg/ml before loading onto Superdex and a similar LeuT-structural fold, the pharmacology of neurotransmitter transporters is diverse, dopamine transporter (dDAT) structure provided the initial structural basis for this observation. The residues in the central binding site of dDAT were more similar to hNET as opposed to 3 7 1 hDAT or hSERT, an observation that explained the ability of dDAT to efficiently bind to ligands 3 7 2 that are specific to hNET (nisoxetine and reboxetine), but not to hDAT (WIN35428) (22, 33, 38) . In addition to pharmacological diversity, the sequence variation also determines the differences 3 7 4 in the thermostability of these transporters. The mutations that conferred thermostability to The crystal structure of hSERT successfully identified an allosteric site in the 3 8 2 extracellular vestibule of the transporter (39). It was hypothesized that the variations in the hDAT or hNET. We focused our efforts to identify hDAT specific allosteric ligands with an 3 8 6 assumption that a ternary complex of hDAT, psychostimulant, and an allosteric ligand, would be 3 8 7 more stable than a binary hDAT-psychostimulant complex. We found reports which mentioned 3 8 8 that certain rigid (N)-methanocarba-adenosine derivatives of A 3 adenosine receptor agonists, CH substitution at position 1 of the adenine ring showed no binding to hDAT (23, 24). We 3 9 5 noticed that hDAT could retain its ligand binding activity in detergent micelles in presence of 3 9 6 MRS compounds. Because variations in functional groups of MRS had an effect on binding, we 3 9 7 presumed that they would also have an effect on stabilization of hDAT in detergent. Derivatives presence of MRS7292 ( Fig S1) . 5'-Methyl ester (MRS7292 and MRS7303) and 5'-ethyl ester 4 0 5 groups (MRS7232 and MRS7301) enhanced the thermostability more effectively than a 5'-amide report, we believe that the derivatives containing 3-deaza modification of the adenine ring do not We hypothesize that MRS7292 binds to hDAT at a site which is similar in location as 4 1 0 that of the allosteric site on hSERT. In the hSERT-(S)-citalopram complex structure, two 4 1 1 molecules of (S)-citalopram were detected, one at the central binding site and another at the buffer prevented the loss of binding (Fig 2b) . However, unlike (S)-citalopram binding to hSERT, 4 1 9 the binding of MRS7292 to hDAT is highly specific; it binds exclusively to the allosteric site of observation that encouraged us to design a screening strategy to identify mutants that could 4 2 5 further stabilize the ternary complex of hDAT, MRS7292, and [ 3 H]WIN35428.
2 6
We modified the screening strategy that was previously developed in the lab for 4 2 7 screening hSERT mutants. We resuspended the transfected cells in a buffer containing MRS7292 4 2 8 and then incubated the mixture with [ 3 H]WIN35428. We allowed the formation of the ternary identify the reason behind the apparent thermostability that is imparted by I248Y substitution. I248Y of TM4 lies in proximity of the residue F457 of TM9 ( Fig S2a) . We hypothesize that leading to greater stability. To test this hypothesis we generated a series of substitutions by 4 3 7
replacing I248 with Trp, Phe, Leu, and Val and estimated the effect of these substitutions on appears innocuous when compared to I248V substitution ( Fig S2b) . Based on these observations, 4 4 2 it appears that I248Y/F substitutions are better than the rest because they promote stacking 4 4 3 interactions and are also sterically favorable. We believe that formation of ternary complex observations we designed a purification strategy to isolate this ternary complex.
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The detergent solubilization strategy employed in the purification protocol was designed GBR12909 had similar affinity to hDAT as that of WIN35428 (Fig 6a) , was readily available 4 5 1 from commercial sources, and was much more affordable than WIN35428. Because, MRS7292 The full length hDAT expression construct is susceptible to non-specific proteolysis, 4 5 7 especially on the termini, because the extended intracellular N-(68 residues) and C-termini (40 4 5 8 residues) are populated with basic (Lys/Arg) residues that can act as sites for non-specific 4 5 9 proteolysis (Fig 3 and S3 ). This is evident by a large free GFP peak in the FSEC based 4 6 0 expression analysis ( Fig S4) . Both N-and C-termini are flexible and are believed to be involved and aggregation. To address these problems, we generated a series of constructs with deletions 4 6 6 on the N-and C-termini of hDAT. We noticed that deletion of residues from C-termini, as To improve the quality of purification, in addition to modifying the expression construct 4 7 3 boundaries, we also made changes to affinity purification procedure which resulted in enhanced in contamination as well as non-specific proteolysis ( Fig S3) . Mammalian proteins, by virtue of Here, we presented the development of a methodology for identification of transporter variants described here, will prove useful in the study of hDAT by structural and biochemical methods, We thank J. Coleman, F. Jalali-Yazdi, and other members of Gouaux lab for useful suggestions. performed the experiments. V.N. and E.G. analyzed the data and wrote the manuscript. D  a  v  i  s  G  L  ,  S  t  e  w  a  r  t  A  ,  S  t  a  n  w  o  o  d  G  D  ,  G  o  w  r  i  s  h  a  n  k  a  r  R  ,  H  a  h  n  M  K  ,  B  l  a  k  e  l  y  R  D  .  F  u  n  c  t  i  o  n  a  l  c  o  d  i  n  g  5  4  6  v  a  r  i  a  t  i  o  n  i  n  t  h  e  p  r  e  s  y  n  a  p  t  i  c  d  o  p  a  m  i  n  e  t  r  a  n  s  p  o  r  t  e  r  a  s  s  o  c  i  a  t  e  d  w  i  t  h  n  e  u  r  o  p  s  y  c  h  i  a  t  r  i  c  d  i  s  o  r  d  e  r  s  d  r  i  v  e  s  5  4  7  e  n  h  a  n  c  e  d  m  o  t  i  v  a  t  i  o  n  a  n  d  c  o  n  t  e  x  t  -d  e  p  e  n  d  e  n  t  i  m  p  u  l  s  i  v  i  t  y  i  n  m  i  c  e  .  B  e  h  a  v  i  o  u  r  a  l  b  r  a  i  n  r  e  s  e  a  r  c  h  .  5  4  8  2  0  1  8  ;  3  3  7  :  6  1  -9  .  5  4 
